Abstract. Water-filled containers have long known for its structural characteristic of impact load absorption. This paper presents design of structures resisting to impact load resulting from a high-velocity tennis ball. One cubic meter water containers consisting of rectangular, cylindrical, and spherical water containers and water levels were studied for their stress distribution and deformation during maximum deformation period using finite element analysis in the ANSYS 15.0 software. The containers were modeled by using shell elements and made of elasto-plastic material of HDPE plastic. The filled water was model by using fluid elements. We found that as ball velocity increased, maximum von Mises stress increased. However, for post-yielding behavior, maximum von Mises stress approached a constant near yield stress of HDPE material. As ball velocity increased, deformation increased. When water level increased, maximum deformation decreased. For the rectangular and cylindrical containers, when the water level increased, the maximum von Mises stress increased. However, in the spherical container, as water level increased, the maximum von Mises stress was not significant change. Among three water-filled containers, the rectangular container has the highest efficiency in impact absorption, followed by the cylindrical container and the spherical container respectively.
Introduction
There are many attempts to improve capabilities of structures to withstand high-velocity impact loads which include development of new structural shapes, structures filled with liquid or foam, and use of new composite materials. Some researchers were interested in tapered thin-walled rectangular tubes for their high impact energy absorption [1, 2] . The liquid or foam filled inside structures had long known for their abilities to absorb and to dissipate high-velocity impact loads [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Some of researches aimed to find effects of liquid levels filled inside structures on abilities to absorb impact energy [16, 17] while other focused on controlling liquid sloshing inside structures [18] or determined vibration characteristic of liquid [19] during impact. One application of liquid filled inside structure is not only to absorb impact energy but also to add weight to the structure for minimizing its structural movement commonly found in design of vehicle barriers [20, 21] . Rimdusit et al. [22] studied the use of Kevlar TM fiber-reinforced polybenzoxazine alloys for ballistic impact applications.
This paper aims to study dynamic effects of geometries of water containers and water levels on stress and deformation of water containers during impact by a high-velocity tennis ball using finite element analysis (FEA). One cubic meter water containers consisting of rectangular, cylindrical, and spherical water containers and 0%, 50%, 100% water levels were modeled in the ANSYS 15.0. The water containers were modeled by shell elements and made of elasto-plastic material of HDPE plastic while water was modeled by fluid element.
Materials and Methods

Analytical Models
Fully water-filled cylindrical container under compressive force
The mathematical model of a fully water-filled cylindrical container under compressive force at both ends which were modelled as rigid lids is shown in Fig. 1 . The longitudinal displacement and maximum von Mises stress are compared to the finite element analysis to validate accuracy of the fluid-structure interaction in the FE models. By using the principle of superposition, the external compressive force F is written as 
By assuming uniform longitudinal displacement  on cross-section of the cylindrical container, the longitudinal displacement can be expressed as 
, , 
The equivalent impact force is
By substituting Eq. (13) into Eq. (14), the relationship between impact velocity and equivalent impact force was 
where bulk strain, 
where  = viscosity, and the dot notation representing differentiation with respect to time. 
Approximated impact of a tennis ball onto water containers
The FE models were used to verify accuracy of FE results comparing to dynamic impact models. The 1 x 1 x 1 m rectangular containers with 5 mm thickness subjected to approximated impact loads at center of the front face of containers were modelled in the ANSYS v15.0 software as shown in Fig. 3 . Two FE models of containers consisting of an empty container and a fully-filled water container were used to study effects of fluid-structure interaction on stress distribution and structural deformation on containers. The containers were modelled using SHELL 181 elements which have four nodes and six degrees of freedom for each node. Filled water was modelled using FLUID 80 elements which have eight nodes and three degrees of freedom for each node. The container mesh had 29,400 elements while the filled-water mesh had 343,000 elements. This FE model was tested for convergence of FE results. The rectangular containers were made of high-density polyethylene plastic (HDPE) which was modelled as linear-elastic isotropic material [23] . The material properties of FE models are shown in Table 1 . First, approximated impact loads of 5 N, 10 N, and 15 N were applied perpendicularly to the center of the front face of containers to determine their structural stiffness. The bottom of containers was fixed in all degrees of freedom. In dynamic FE analyses, one cubic meter water containers consisting of rectangular, cylindrical, spherical containers were studied for effects of container geometries and water levels on stress distribution and deformation of container during impact by a 66.7 mm diameter tennis ball having mass of 58.5 gram [24] . Dimension of a rectangular container was 1 x 1 x 1 m and 5 mm thickness. Dimension of a cylindrical container was 1 m diameter, 1.273 m height and 5 mm thickness. Dimension of a spherical container was 1.24 m diameter and 5 mm thickness. All containers were made of HDPE plastic [23] which was modelled as elasto-plastic isotropic material as shown in Fig. 5 . The material properties are shown in Table 1 . The FE models of elasto-plastic containers and filled water were built similar to ones of approximated impact analysis and the spherical tennis ball is modelled by SOLID 185 elements. The contacts between rigid tennis ball and water containers were defined as surface to surface contact. Tables 2-4 show numbers of elements of each FE model which were tested for convergence of FE results. The water containers were impacted by the tennis ball at initial velocity of 1-20 m/s. The water levels were 0%, 50%, and 100% of filled capacity respectively. The bottom of water containers was fixed in all degrees of freedom. Fig. 6 shows the von Mises stress distribution on the container. 
Approximated Impact FE Models of a Tennis Ball onto Rectangular Water Containers
The relationship between approximated impact forces and maximum deformation of the rectangular water containers shows in Fig. 7 . The slopes of these two lines were structural stiffnesses k which were . The relationship between approximated impact forces and ball velocities was given in Eq. (15) . Figure 8 shows maximum von Mises stress versus ball velocity. Figure 9 shows maximum deformation versus ball velocity. When comparing FE results of fully-filled water containers to ones of empty container, the maximum von Mises stress increases while maximum deformation decreases. Figure 10 shows the stress contours of von Mises stress at the impact forces of 15 N comparing between the empty container and the fully-filled water container. These FE results showed capability of water to absorb and dissipate impact load to the rest of the container structure. Figure 11 shows maximum von Mises stress versus ball velocity and maximum deformation versus ball velocity comparing between approximated impact models and dynamic impact model of the empty rectangular water container. The percent differences of these two FE models were less than 6% for maximum von Mises stresses and 2.9 % for maximum deformation. Figure 12 shows maximum von Mises stress versus ball velocity and maximum deformation versus ball velocity comparing between approximated impact FE models and dynamic impact model of the fully-filled rectangular water container. These FE results showed effects of energy absorption of water on structural responses resulting from viscous flow of water during impact. In dynamic impact FE models, effects of ball velocities on water levels were investigated at the maximum deformation period. The plots of maximum von Mises stress versus ball velocity and maximum deformation versus ball velocity for each water container are shown in Fig. 13-15 . It was found that as ball velocity increased, maximum von Mises stress increased. However, for post-yielding behaviour, maximum von Mises stress approached a constant near yield stress of HDPE plastic. At ball speed of 20 m/s, the maximum deformations on the full-filled rectangular, cylindrical and spherical water containers were 91.75%, 70.99% and 51.21% lower than ones of empty containers respectively. Here, water showed ability to suppress impact deformation especially in fully-filled rectangular container. For the rectangular and cylindrical containers, when the water level increased, the maximum von Mises increased. However, in the spherical container, when the water level increased, the maximum von Mises stress was not significant change. Figures 16-18 show contour plots of von Mises stress distribution on water containers for various water levels at ball velocity of 5 m/s. Figures 19-21 show contour plot of deformation in the direction of impact on containers for various water levels at ball velocity of 5 m/s. It was found that the maximum deformation and maximum von Mises stresses arose at center of impact and stress wave spread out toward edges of water containers.
Dynamic Impact FE Models of a Tennis Ball onto Water Containers
The plots of maximum von Mises stress versus ball velocity and maximum deformation versus ball velocity compared between each water container are shown in Fig. 22-24 . At 0% and 50% filled capacities, the spherical container has lowest deformation and highest von Mises stress. At 100% filled capacity, the maximum von Mises stress and maximum deformation on the cylindrical and spherical containers are not slightly difference. 
Conclusion
This paper investigated impact behaviors of one cubic meter of water containers consisting of the rectangular, cylindrical, and spherical containers by a high-velocity tennis ball. The mathematical model of a fully-filled cylindrical water container under compressive forces was created and its results were compared to FE results for evaluating of FE accuracy of quasi static analyses. We found that error of FE model was less than 2.19 % on maximum von Mises stress and 2.59 % on maximum deformation. In FE analyses of a tennis ball impacting onto rectangular water containers, the approximated impact FE models were compared to the dynamic impact FE models for evaluating accuracy of dynamic analyses. We found good agreement of these models on empty rectangular water containers in which the percent differences of these two FE models were less than 6% on maximum von Mises stresses and 2.9 % on maximum deformation. In dynamic impact FE analyses of a tennis ball impacting onto the rectangular and cylindrical containers, when the water level increased, the maximum von Mises stress increased. However, in the spherical container, as water level increased, the maximum von Mises stress was not significant change. Among three water-filled containers, the rectangular container has the highest efficiency in impact absorption, followed by the cylindrical container and the spherical container respectively. 
